Effects of buoyancy on transition from laminar to turbulent flow are presented for momentum-dominated helium jet injected into ambient air. The buoyancy was varied in a 2.2-sec drop tower facility without affecting the remaining operating parameters. The jet flow in Earth gravity and microgravity was visualized using the rainbow schlieren deflectometry apparatus. Results show significant changes in the flow structure and transition behavior in the absence of buoyancy.
INTRODUCTION
Transition from laminar to turbulent flow in gas jets is a subject of considerable interest. A transitional jet consists of a laminar potential core near the injector, separated from a downstream turbulent region at the transition plane. The distance from the injector exit to the transition plane or transition length (z) decreases asymptotically with an increase in the jet Reynolds number defined as j Re U d / = , where j U is the mean jet exit velocity, d is the injector inside diameter, and is the kinematic viscosity of the injector fluid. Subbarao and Cantwell (1992) found that the flow transition in a helium jet injected into a coflow of air was also affected by the jet Richardson number, ( ) 2 j j j Ri gd / U = , where g is the gravitational acceleration, and j are, respectively, the free-stream and jet densities. For a given Re, the transition length decreased asymptotically with increasing jet Richardson number. This effect was attributed to the buoyancy-induced acceleration of the jet fluid, giving rise to faster core velocities and hence, a more unstable flow at higher Ri. They proposed that the sudden breakdown to turbulence was governed by highly structured and repeatable vortices formed in the upstream laminar region.
Periodic oscillations resulting in the breakdown to turbulence have also been observed in low-density gas jets at Ri<<1.0 (Kyle and Sreenivasan, 1993; Richards et al., 1996) . In these studies, the buoyancy effects were considered negligible because of the small Ri. However, the buoyancy may be important locally, for example, in the lowmomentum region of the jet shear layer. Buoyant acceleration of the low-density fluid in localized regions of the jet may trigger the instability causing periodic flow oscillations and eventually, the breakdown to turbulence. This explanation is supported by the recent experiments of Yildirim and Agrawal (2004) , who found that the flow oscillation frequency normalized by the buoyancy time scale correlated with the jet Richardson number in inertial low-density jets for Ri<0.1. Furthermore, the transition length normalized by injector inside diameter correlated with the jet Richardson number for a given Re, an observation similar to that of Subbarao and Cantwell (1992) in buoyant jets. Yildirim and Agrawal (2004) utilized different diameter injector tubes to vary the jet Richardson number for a given Re. Besides the limited range of the jet Richardson number achieved, the similarity parameters are not perfectly matched using this approach. In the present study, the microgravity environment of a drop tower facility is used to vary Ri by several orders of magnitude. The operating parameters such as the jet Reynolds number, the jet to ambient density ratio, and the jet momentum thickness (Kyle and Sreenivasan, 1993) remain unchanged in the drop tower and hence, the buoyancy effects can be isolated. The specific objective of this study is to identify if buoyancy affects transition from laminar to turbulent flow in inertial low-density gas jets.
EXPERIMENTAL SETUP
Experiments utilizing a compact rig were conducted at NASA John H. Glenn
Research Center's 2.2s drop tower facility to simulate microgravity. The flow system comprised of on-board compressed helium gas cylinders, a calibrated mass flow meter, a needle valve to set the flowrate, a solenoid valve to initiate and terminate the flow, and a vertically oriented stainless steel tube to serve as the injector. Yildirim and Agrawal (2004) have provided details of the schlieren apparatus. The color schlieren images are acquired by a high-speed digital camera operated at exposure time of 297-µs and acquisition rate of 1000 images per second, providing spatial resolution of 0.2 mm.
The jet flow is initiated and allowed to develop into oscillatory mode in Earth gravity.
After storing 0.4-sec of Earth gravity images, the drop rig is released to simulate microgravity during the free fall. The camera stores schlieren images during the 2.2-sec drop. After the drop, the rig is retrieved and the image data from camera memory are transferred to an external hard drive for analysis. Details of the experimental and data analysis procedures are provided by Pasumarthi (2004) .
RESULTS AND DISCUSSION
Although six different experiments were conducted, results are presented only for two test cases at jet Reynolds number of 800 to depict the overall trends. Jet tubes with d=14.5mm (case 1) and 10.5mm (case 2) were used to obtain jet Richardson number of 0.02 and 0.008, respectively, in Earth gravity. The buoyancy is generally neglected for
< 0.5 (Ricou and Spalding, 1961; Takahashi et al., 1982) . In this study, P was computed using the normalized transition length measured in Earth gravity to represent z/d. For Ri=0.02, z/d=4.0 and hence, P=0.37. For Ri=0.008, z/d was 4.8, resulting in P=0.28. Thus, according to the literature, both jets of this study are considered momentum-dominated (or inertial) with negligible effects of buoyancy. Results presented next will show that this is not the case because both the flow structure and transition behavior are affected by buoyancy. Fig. 1.1(a) approximately at z/d=3.8. According to Fig. 1.1(b) , the transition is not visible in the field-of-view in microgravity. The jet remains laminar in the absence of gravitational forcing, providing direct evidence of buoyancy effects in an inertial jet. Figures 1.2(a) and (b) for case 2 show that transition occurs approximately at z/d=4.8 in Earth gravity and at z/d=5.5 in microgravity. Again, the lack of buoyancy has extended the laminar coherent region in microgravity. Comparing Earth gravity images in Figure   1 , an increase in transition length at the lower jet Richardson number is observed.
Flow Visualization
Results clearly show that buoyancy is important in low-density gas jets at Ri<0.02.
Space-Time Images
The transient flow behavior is visualized from space-time images in Fig. 2, developed by concatenating 0.1-sec of data at specified axial planes from a sequence of 100 schlieren images. Images are shown for case 1 at z/d=4.4 and case 2 at z/d = 5.4 to represent the transitional/turbulent regions in Earth gravity. For case 1, the periodicity of the flow and breakdown of the potential core in Earth gravity is evident in Fig. 2.1(a) .
Note that the smaller scale structures have reached the jet center. In microgravity (Fig.   2.1b) , the jet center is uncontaminated although periodic oscillations are observed for 0.4<r/d<0.8. The transition is absent since the flow is laminar at this axial location in microgravity. For case 2, the Earth gravity image in Fig. 2.2(a) shows repeatable structures contaminating the jet center. The structures in microgravity are significantly different as shown by the image in Fig. 2.2(b) . Overall, the images in Fig. 2 reveal differences in the temporal behavior of Earth gravity and microgravity jet flows to highlight the underlying effects of buoyancy.
Oscillating Flow Characteristics
Fast Fourier Transform (FFT) analysis of angular deflection data obtained from an ensemble of 256 images each in Earth gravity and microgravity was performed to quantitatively assess buoyancy effects on jet oscillations. Figure 3.1(a) shows the power spectra in the transition region (z/d = 4.4, r/d = 0.5) for case 1 in Earth gravity. The dominant frequency of 120Hz was the same as that measured in the upstream laminar regime. Two smaller peaks representing sub-harmonics at 240Hz and 360Hz are also present, signifying the breakdown of large-scale structures in the transition region. In microgravity ( Fig. 3.1b 
